Generally a visible-light digital camera is used for taking photos in visible light, however, it can have a new function to measure the photon energy of X-rays. The new function is based on the basic working principle of digital cameras. When a photon hits a pixel photodiode on the camera sensor chip, charges are generated. The amount of charges is proportional to the photon energy[@b1]. In the case of visible light, one photon can only generate one charge, therefore, a digital camera cannot distinguish the photon energy or the color of visible light. In the case of X-rays, one photon can generate thousands of charges as its photon energy is thousands of times higher than visible light. The quantity of charges is recorded in the form of pixel intensity and then the corresponding photon energy is implied. If the X-rays are fluorescent X-rays emitted from atoms, the corresponding elements can be identified by matching their characteristic fluorescence energy. In short, a visible-light digital camera can be applied to identify chemical elements.

In order to individually measure each photon's energy, the recorded photon events on one camera image should be dispersed sparsely to separate them. This special condition is generally named as single photon counting mode. It is a prerequisite when applying a camera to X-ray spectroscopy measurement. Single photon counting mode can be easily achieved by reducing the amount of X-ray photon events on each image. Related discussion dates back to at least the 1980s[@b2], and from then on it was applied to both special X-ray charge-coupled-device (CCD) cameras[@b3][@b4][@b5] and conventional CCD cameras[@b6][@b7][@b8][@b9][@b10]. Nevertheless, none of these CCD cameras are frequently seen as current ordinary visible-light digital cameras. On the other hand, these days complementary-metal-oxide-semiconductor (CMOS) cameras are becoming more and more popular for both domestic appliances and scientific research. CMOS cameras are also used for X-ray imaging[@b11][@b12][@b13][@b14], however, they are rarely used in direct X-rays. Scintillator layers are always installed in front of the image sensor to convert X-rays to visible light. In this case, information on X-ray photon energy is frequently lost. In this research, we use a visible-light CMOS camera for direct X-ray measurement. The ordinary digital camera becomes able to measure X-ray energy-dispersive spectra when it is specially operated and the camera images are properly processed.

In order to obtain high quality X-ray spectra, the adopted camera should be of high quality as well. In most cases, the larger the better for the camera's dynamic range and the readout noise should be as small as possible. In this research, we use a commercially-available scientific CMOS (sCMOS) camera[@b15][@b16]. Its analog to digital (A/D) conversion is 16 bits. It is named as "scientific" because it is suitable for scientific research because of its high quality and reliable performance. As the camera is designed to take photos in visible light, its front cover is made of transparent glass and an optical lens system is installed in front of the cover. As the transparent glass cover is 2 mm thick, X-rays cannot go through it. In order to fit out the camera for direct X-ray measurement, the lens system and the glass cover are removed to allow X-rays to pass, and an opaque front cover with an X-ray window is installed to avoid the influence of visible light. Detailed information on the sCMOS camera and cover replacement procedures are described in the method section.

As stated earlier, the camera should work in single photon counting mode to measure X-ray energy-dispersive spectra. The amount of photon events on one camera image should be carefully controlled by adjusting the intensity of incident X-rays or adjusting the single exposure time. When the camera image does not show any continuous pattern but only shows many discrete dots, the condition of single photon counting mode is thought to be achieved. The next step is to process the camera images. Generally the X-ray photon energy can be retrieved from the pixel intensities of the corresponding photon event on the image, however, the retrieval process is not always straightforward. In this research, we propose an integrated-filtering method to ensure the retrieval process is effective and correct, then high quality X-ray fluorescence (XRF) spectra can be readily obtained after processing the raw camera images.

In this report, we demonstrate the entire procedure for using a visible-light digital camera for X-ray spectroscopy measurement. Some key properties such as energy resolution and count rate saturation are tested and discussed. It is shown that the camera can successfully analyze the composition of elements in unknown samples. The great potential of applying such visible-light cameras to X-ray detection is also explained.

Results
=======

Retrieving X-ray energy-dispersive spectra from camera images
-------------------------------------------------------------

Prior to the experiment, 100 dark images are acquired without any illumination of visible light or X-rays. It is found that the average intensity of an unilluminated pixel is approximately 100. In different images, the intensity of the same pixel may vibrate around 100 because of the dark current. The frequency distribution of all pixel intensities in all the dark images shows a symmetric sharp peak at 100. The full width at half maximum (FWHM) of this background peak is 8, implying the level of dark current. An average background image is generated by averaging all the dark images. As the pixels on the sCMOS sensor are quite independent of each other, the exact average intensity of different pixels is not totally the same, hence the average background image should be subtracted from every experimental image to eliminate the fixed-pattern noise. Generally speaking, the level of dark current is not influenced by external X-rays.

In the experiment, the primary X-ray beam comes from a laboratory X-ray tube of copper target. A crystal monochromator is employed to obtain monochromatic copper Kα X-rays, hence copper Kβ X-rays the continuous Bremsstrahlung radiation background of the primary X-ray beam can be eliminated. A sample containing vanadium pentoxide powders is illuminated by the primary X-rays. The camera is placed in front of the sample to receive the fluorescent and scattering X-rays. The single exposure time is set as 100 ms to satisfy the requirements for single photon counting mode. The single exposure is repeated for 6,000 times, hence 6,000 independent images are acquired to accumulate sufficient signals.

[Figure 1a](#f1){ref-type="fig"} shows a typical part of one camera image. It has two discrete bright dots. The pixels in black background are not influenced by X-ray photons, so their intensities are around 100. The intensity of the white pixels in the two dots is obviously higher than the background value of 100, generally from hundreds to thousands. The frequency distribution of pixel intensities in all 6,000 images is counted. In order not to count the huge amount of unilluminated pixels, only pixels whose intensity is larger than 200 are considered. After that, their intensities are respectively modified by subtracting the average background image. The final frequency distribution histogram is shown in [Fig. 1b](#f1){ref-type="fig"}. The frequency continuously decreases from the low intensity side to the high intensity side. A very small peak appears at around 2,000. Obviously, this frequency distribution histogram doesn't match the XRF spectra of the sample at all.

As the bright pixels are always gathered in discrete bright dots, it is reasonable to infer that the pixels in one bright dot are illuminated by the same X-ray photon and one bright dot corresponds to one photon event. That is to say, the charges generated by an X-ray photon are shared by a group of neighboring pixels. This phenomenon of charge sharing is frequently seen in many CCD cameras as well[@b1][@b5][@b10][@b17]. Unlike a visible-light photon, an X-ray photon can generate a charge cloud of thousands of photoelectrons. The charge cloud has a certain size in the photodiode matrix of the image sensor, so that the charges will be collected by either a single pixel or some neighboring pixels. In previous reports on CCD cameras, there are both single-pixel photon events and multi-pixel photon events. The size of a multi-pixel photon event is generally smaller than 3 × 3 pixels. Nevertheless, in our research on this sCMOS camera, nearly all photon events are multi-pixel events. The size of a multi-pixel event generally exceeds the region of 3 × 3 pixels. These differences are probably due to different pixel sizes and anatomies of the CCD sensor and sCMOS sensor. The minimum CCD pixel size in previous related works is 13 μm × 13 μm[@b10], and it is only 6.5 μm × 6.5 μm in this sCMOS camera. As a consequence, it is natural that more pixels are needed to collect one charge cloud.

A threshold of 200 is proposed to pick out photon events from the image background. It has been found that the pixel intensities in dark images can hardly exceed 200. Based on the study of the 100 dark images, the probability is about 50 ppm. As a consequence, if the intensity of a pixel is higher than 200 in an X-ray image, a photon event can be recognized at this position. The next step is to collect all signal pixels of this photon event. As shown in [Fig. 1a](#f1){ref-type="fig"}, the white pixels in bright dots are obviously signal pixels because their intensities are very high. However, arriving at a judgment on the grey pixels surrounding the bright dots is not straightforward. Sometimes their intensities are only slightly higher than the background value of 100, so that it is difficult to determine whether their intensities are from dark current or X-ray signals. In order to fully collect all signal pixels, all pixels in the region of 5 × 5 pixels are considered. The center of the 5 × 5 region should be the pixel whose intensity is the maximum in the photon event. It is recognized as the impinging position of the X-ray photon. In most cases, the region of 5 × 5 pixels is large enough to include all signal pixels in one photon event. After subtracting the average background image, the intensities of all 25 pixels are integrated and the frequency distribution of the integrated pixel intensity is counted. This frequency distribution histogram is shown in [Fig. 1c](#f1){ref-type="fig"}. This time, the expected XRF spectra of the sample appears preliminarily. However, a strong background in the low energy side also exists.

The background in the low energy side comes from the photon events of incomplete charge collection. As the sCMOS camera is designed for visible light, its depletion region of photodiodes is not thick enough to fully absorb all high energy X-ray photons. Some X-ray photons may penetrate the depletion region and be absorbed in field-free regions below. The charges generated in the field-free regions diffuse rapidly. Some of the charges can still be collected if they spread to the depletion region, whereas the rest of the charges are lost. As a result, the integrated intensity of a photon event may underestimate the true X-ray photon energy. That is why most of the background appears in the low energy side. There have been some similar discussions on thin-depletion-region CCD cameras[@b17]. We think such discussions can be generalized to include sCMOS cameras because the basic photodiode principle is not very different.

It is necessary to distinguish and remove all incomplete-charge-collection photon events. If an X-ray photon is absorbed in the depletion region, the generated charges will be quickly collected with no loss. In this case, the size of the charge cloud should not be very large and the center pixel should collect many more charges than other pixels. In contrast, if the X-ray photon is absorbed in field-free regions, the charge cloud diffuses rapidly, and then only a portion of the charges can be collected. In this case, the ratio of charges collected by the center pixel to all collected charges cannot be distinctly high. For this reason, the center-to-integrated ratio can serve as an indicator to identify incomplete-charge-collection photon events. In order to determine the ratio criteria, the center-to-integrated ratios of photon events in different regions of the spectra are surveyed. We define two regions of interest (ROI) in [Fig. 1c](#f1){ref-type="fig"}. One ROI is in the main peak at around 2200, which is expected to be the strong Kα peak of vanadium in the sample; the other ROI is in the low energy background from 500 to 2000, which is thought to be made of incomplete-charge-collection photon events. The frequency distributions of the center-to-integrated ratio in the two ROIs are counted respectively. It has been found that the center-to-integrated ratios of nearly all photon events in the background ROI are below 40%, whereas the ratios of some photon events in the peak ROI can exceed 40%. As a consequence, the percentage of 40% is decided on as the empirical criteria to filter out incomplete-charge-collection photon events.

After applying the filtering criteria of 40%, most of the low energy background is removed. However, there are some unknown peaks left in the low energy side. In addition, the expected fluorescence peaks are not exactly symmetric and the high-energy extensions are much stronger. In order to trim the peaks to make them symmetric, the main peak in [Fig. 1c](#f1){ref-type="fig"} is divided into different ROIs and the center-to-integrated ratios of the different ROIs are surveyed again. This time it is found that the high-energy extensions of fluorescence peaks as well as the unknown noisy peaks in the low energy side can be removed by filtering out the photon events whose center-to-integrated ratio is larger than 50%. The physical reason for this criteria of 50% is still under investigation.

To sum up, a filtering criteria of \[40%, 50%\] is determined. As shown in [Fig. 1d](#f1){ref-type="fig"}, only when the center-to-integrated ratio of one photon event is in \[40%, 50%\] can it be counted as a valid signal. This filtering criteria may filter out 90% of photon events. However, the remaining photon events can make a perfect XRF spectra ([Fig. 1e](#f1){ref-type="fig"}). The scattering peak of primary copper Kα and the fluorescence peak of vanadium Kα and Kβ can be recognized. As the camera sensor is Si-based, the small silicon Kα peak and the corresponding escape peak of vanadium Kα are also shown. In the meantime, small adjustments to the numerals in this criteria such as \[39%, 51%\] will not make the final spectra very different. However, we prefer to fix it as \[40%, 50%\] after comparing the final spectra's quality and signal to background ratio. The detailed procedures for finding these empirical criteria are given in the [supplementary materials](#S1){ref-type="supplementary-material"}.

It should be noted that, the filtering criteria of \[40%, 50%\] has been discovered from our surveys using a variety of known samples. This method works very well, and it is highly reliable. It has been found that the same filtering criteria always leads to correct XRF spectra with no risk of subjective bias, whatever the sample is. The main idea is that the center-to-integrated ratio correlates with the spread and the shape of the charge distribution. For example, for the Gaussian distribution with standard deviation of σ, the central area covering upto 0.5--0.7σ corresponds to the 40--50% intensity ratio. The present method uses such relationship to filter out inappropriate distribution as an invalid event.

[Figure 1f](#f1){ref-type="fig"} summarizes the flow chart of the overall integrated-filtering method for analyzing camera images. All pixels in camera images except those in borders are examined by this flow chart to retrieve the X-ray energy-dispersive spectra measurement. We have coded the integrated-filtering method in the camera controlling software, therefore the X-ray spectra can be output immediately after measurement.

In order to measure unknown samples, the x-axis of the acquired XRF spectra should be calibrated from integrated intensity to X-ray photon energy. Because the integrated pixel intensity, the amount of charges and the X-ray photon energy are proportional to each other, the calibration function should be linear. Generally the calibration is conducted by measuring a standard sample. The standard sample contains calcium, titanium, vanadium, manganese and cobalt. As shown in [Fig. 2a](#f2){ref-type="fig"}, the fluorescence peaks from calcium Kα to cobalt Kβ are all recognized. The integrated intensities of the five strong Kα peaks are paired with their respective photon energy. The linear fitting result is shown in [Fig. 2b](#f2){ref-type="fig"}. The root-mean-square-error (RMSE) of these five data points is 2.3 eV. The small error shows that the XRF spectra obtained by the sCMOS camera are accurate enough to identify unknown peaks and unknown elements.

Energy resolution in X-ray energy-dispersive spectra
----------------------------------------------------

The energy resolution of the camera is tested by measuring a sample containing manganese dioxide powders. The sample is excited by monochromatic copper Kα X-rays. The XRF spectra are shown in [Fig. 3](#f3){ref-type="fig"}. By checking the FWHM of the manganese Kα peak, the energy resolution is determined as 220 eV at 5898 eV (manganese Kα).

Saturation of count rates
-------------------------

In single photon counting mode, the amount of incident X-ray photons in single exposure time should be strictly controlled to avoid the overlap of two or more photon events in one image. Therefore, it is generally thought that single photon counting mode can only work with low intensity X-rays and the camera is easily saturated with high intensity X-rays. However, when the time of a single exposure becomes shorter and the frame rate becomes quicker, the count rate capacity of the camera is able to become larger to catch higher intensity X-rays. If the frame rate of the camera is quick enough, the camera's count rate capacity can become large enough to measure normal intensity X-rays rather than simply low-intensity X-rays. One experiment is conducted to confirm this. The experiment conditions are quite similar to the conditions for [Fig. 1](#f1){ref-type="fig"}. The sample is the same sample which contains vanadium pentoxide powders. The primary beam is monochromatic copper Kα X-rays from a sealed type copper X-ray tube. The tube voltage of the X-ray source is fixed at 20 kV, thus the intensity of fluorescent X-rays increases proportionally as the tube current increases. The camera is able to acquire images continuously, so that the frame rate is an inverse of the single exposure time. In different conditions of single exposure time, the detected count rates of vanadium fluorescence Kα photons are plotted with respect to tube current ([Fig. 4](#f4){ref-type="fig"}). It can be noted that the saturation of count rate comes quite early when a long single exposure time such as 500 ms is set. After saturation, the count rate decreases. This is because there are too many photon events in one image so that some of them may be overlapped and then filtered out by the criteria of center-to-integrated ratio. In contrast, the saturation of count rates becomes larger when the length of a single exposure becomes shorter. When the single exposure time is set as 50 ms, the function of the count rates to the tube current is nearly linear, indicating that the capacity of count rates is abundant enough to measure the high-intensity X-rays in this experiment and there is no risk of saturation.

In routine experiments, the parameter of single exposure time should be determined based on practical experiment conditions. A short single exposure time should be used with high-intensity X-rays to avoid saturation, while a long single exposure time is also acceptable with low-intensity X-rays.

Application of distinguishing chemical elements
-----------------------------------------------

The visible-light digital camera can measure XRF spectra of samples, and therefore the composition of elements in the sample can be analyzed as well. For example, a ceramic plate which has a white base ([Fig. 5c](#f5){ref-type="fig"}, back side) and blue patterns ([Fig. 5a](#f5){ref-type="fig"}, front side) is tested. The two photos in [Fig. 5a and c](#f5){ref-type="fig"} are taken by the sCMOS camera before removing the optical lens system and the transparent glass cover. The photos are monochrome as there is no color filter in the camera. After removing the lens system and replacing the glass cover with an X-ray window, the XRF spectra of the front side ([Fig. 5b](#f5){ref-type="fig"}) and back side ([Fig. 5d](#f5){ref-type="fig"}) are respectively measured by the same sCMOS camera. In the experiment, the primary X-ray beam is monochromatic copper Kα X-rays. The exposure time for one single image is 100 ms. The accumulation time is 30 minutes. In the spectra, every peak can be identified, thus the corresponding elements can be identified as well. It could be noted that the element composition of the front side and the back side are quite similar, whereas cobalt only appears in the front side, indicating the relations between cobalt and the blue color of the ceramic.

In XRF analysis, the sCMOS camera is used in the same way as other existing X-ray detectors. Therefore, it is possible to be used for quantitive XRF analysis to determine the concentration of elements in the sample by either the use of an experimentally obtained calibration curve or so-called reference-free analysis based on X-ray fundamental parameters. It is also worthy of mentioning that the use of sCMOS camera is suitable for the analysis of trace elements particularly when combined with total-reflection geometry.

Discussions
===========

Conventional visible-light digital cameras are developed for taking ordinary photos. As a kind of visible-light camera, an sCMOS camera is of very high quality so that it has been widely introduced in many areas of scientific research for recording visible light signals[@b18][@b19]. There are also some reports on using sCMOS cameras for X-ray imaging. However, scintillator layers are always needed to convert X-rays to visible light, and it is very rare to expose a bare sCMOS sensor to direct X-rays. Obtaining the spectroscopy information of X-rays is generally difficult for sCMOS cameras. In this research, it has been found that an ordinary sCMOS camera can work with direct X-rays and measure X-ray photon energy. The operational procedures include replacing the front cover, using the camera in single photon counting mode and analyzing camera images by the integrated-filtering method. All these operations do not require any modifications to the inner structures or on-chip electronics of the sCMOS camera and they can be conducted smoothly. In conclusion, the XRF spectra obtained by the sCMOS camera have highly accurate channel-to-energy calibration and a fine energy resolution of 220 eV. The count rate capacity is enough acceptable for routine laboratory XRF experiments. As a consequence, the visible-light sCMOS camera could be easily introduced to routine XRF analysis as a spectrometer. The composition of elements in samples can be analyzed as well.

In the measurement of X-ray photon energy, sCMOS cameras and traditional semiconductor detectors such as silicon drift detectors (SDD)[@b20][@b21] have similar working mechanisms. Both of them are quantifying the amount of charges generated by an X-ray photon by amplifiers and analog-to-digital convertors. The major difference is that, in SDD, all charges drift to and are collected by one electrode, whereas in sCMOS camera the charges diffuse to and are collected by many pixels. Meanwhile, the reasons for count rate saturation are also similar. When one photon event is inseparable from other events, it is called a piling-up photon event and it should be rejected. The probability of rejected pile-up photon events increases as the intensity of X-rays increases. In the case of SDD, the pile-up phenomenon of photon events happens in the temporal dimension[@b22]; while in the case of sCMOS camera, the pile-up phenomenon of photon events happens in the same camera image.

At present the sCMOS camera is not so competitive as SDD in spectra analysis. For example, the energy resolution of SDD can reach around 130 eV at manganese Kα[@b21] while that of sCMOS camera is 220 eV in this research; the count rates of an ordinary SDD can be more than 500,000 or even several million counts per second and that of the sCMOS camera is only several thousand. However, the sCMOS camera has its unique advantages. The size of its active area is 16.6 mm × 14 mm, approximately 230 mm^2^, which is extremely difficult to achieve by a single SDD. Therefore sCMOS camera is more suitable for X-ray spectroscopy experiments in which a large cross section or large solid angle of the detector are required. In addition, as a single SDD has no position sensitivity, it cannot record the position information of X-ray photons. Some multi-cell SDDs[@b23] are developed for position sensitive XRF analysis. However, their pixel amount is limited compared to the sCMOS camera which has more than 5 million pixels, and therefore they cannot really serve as 2-dimensional X-ray energy detectors.

There are other special X-ray imagers such as ePix100[@b24], Pilatus[@b25], Eiger[@b26] and pnCCD[@b4]. Some of them may simultaneously possess both position sensitivity and spectroscopy properties. Generally speaking they have high X-ray detection efficiency and high count rates, whereas their pixel amount and spatial resolution are limited by manufacturing technique or expense. Frequently the pixel amount is in the tens of thousands and the pixel size is in the several tens of microns. Neither of them is as good as the sCMOS camera. On the other hand, the comparison between conventional CCD cameras with the sCMOS camera can be more interesting. A conventional CCD camera can also work as an X-ray spectrometry imager when it works in single photon counting mode[@b10][@b27]. The adopted CCD camera possesses many advanced features so that it is more like a professional detector rather than an ordinary visible-light digital camera. Its energy resolution can reach 133 eV at manganese Kα in the best condition, while the energy resolution of the sCMOS camera is 220 eV in this research. During measurement, the CCD camera is cooled to below − 85 °C while the sCMOS camera works in a more tolerant condition of 5 °C. This is inferred to be one of the reasons for different energy resolution, because the level of dark current may influence the energy resolution and it is proportional to the working temperature. The sCMOS camera offers more pixels and smaller pixel size (2560 × 2160 pixels, pixel size 6.5 μm × 6.5 μm) than the CCD camera (1024 × 1024 pixels, pixel size 13 μm × 13 μm). In addition, as a kind of active pixel sensor (APS), every pixel on the sensor chip of sCMOS cameras has an amplifier and can be controlled independently, therefore, the sCMOS camera does not need to transfer charges from pixel to pixel. As a consequence, the sCMOS camera can be free of the smearing effect which may contaminate the XRF spectra obtained by the CCD camera[@b27], and it can achieve a high frame rate more easily.

In the future, the sCMOS camera is a promising candidate for full filed XRF imaging by installing external X-ray optics such as a micro pinhole[@b9][@b10] or a capillary plate[@b27][@b28][@b29][@b30][@b31], and thus the element distribution in samples can also be measured. Previously the detector used for full filed XRF imaging has been either a professional CCD camera or a special X-ray detector like pnCCD. Now the sCMOS camera can become a new option with competent energy resolution, acceptable count rates, larger pixel amount, smaller pixel size and low expense. As it is just an ordinary visible-light digital camera and it can be easily obtained in the market, it should be capable of promoting the popularization of the full field XRF imaging technique and make the detection of element spatial distribution easier.

Methods
=======

Preparation of the visible-light digital camera
-----------------------------------------------

The camera used in this research is a PCO.edge 5.5 sCMOS camera from PCO AG[@b16]. The specifications of this sCMOS camera are shown in [Table 1](#t1){ref-type="table"}. In the experiment, the sCMOS camera uses the rolling shutter mode to read camera images, which means the pixel reset and exposure restart is carried out row by row. Therefore, image exposure and image reading can proceed simultaneously. The image acquisition is continuous with no interruption if the exposure time is not shorter than the frame reading time. In this research, the pixel clock is always set as slow mode to ensure the image quality. In this condition, the maximum frame rate can reach 33 frames per second. The detailed difference between quick mode and slow mode has not been compared as yet. During measurement, the function of B/W noise filter should be switched off to avoid artificial disturbance.

In order to fit the camera to direct X-ray measurement, the optical lens system in front of the camera is removed. The front cover is a 2-mm-thick visible-light transparent glass, and it is replaced with a 2-mm-thick aluminum alloy plate. On the plate, there is a circular aperture with a diameter of 4 mm. An X-ray window is pasted on the aperture. The X-ray window employed is commercially available 12 micron thick polymer film coated on both sides with 0.2 micron thick metallic aluminum (Ube Industries, Ltd.). To reduce the light leakage caused by small pinholes (unsuccessfully coated parts), we layered two (sometimes three) sheets of the film. The film is strong enough mechanically and stable. The aluminum coating blocks visible light, but is almost transparent for X-rays. The use of much thinner X-ray window is promising to analyze lower energy X-ray fluorescence spectra, though the present experiments were done for rather high energy. The distance between the X-ray window and the sCMOS sensor is approximately 6 mm, therefore, the illumination area on the sCMOS sensor is much larger than the size of the X-ray window when the sCMOS camera is close to samples in XRF experiment. However, the 4 mm dia. aperture more or less contributes to reduce unnecessary X-ray photons. If a small pinhole (such as 10--50 micron dia) is placed at the center of this aperture, the same present system can work as an imager of the elements. For ordinary X-ray fluorescence spectroscopy to see elements, we do not need to use such a pinhole.

The replacement of the camera cover was done in a glove box filled with nitrogen gas.

The photos for replacing the front covers are given in the [supplementary materials](#S1){ref-type="supplementary-material"}.
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![Principle of retrieving X-ray energy-dispersive spectra from camera images.\
(**a**) shows a typical part of one image acquired by the sCMOS camera. (**b**) shows the frequency distribution of pixel intensities after subtracting the average background image. (**c**) shows the frequency distribution of the 5 × 5 integrated intensities of all photon events. (**d**) is a conceptual drawing of the \[40%, 50%\] filtering criteria. (**e**) shows the final X-ray fluorescence spectra obtained after filtering. (**f**) is the flow chart of the overall procedures for data analysis.](srep45472-f1){#f1}

![Calibration from the integrated pixel intensity of photon event to X-ray photon energy.\
(**a**) is the X-ray fluorescence spectra of the standard sample containing calcium, titanium, vanadium, manganese and cobalt. The five main Kα peaks in the spectra are taken as the reference peaks and paired with their respective photon energy. The linear fitting result is shown in (**b**).](srep45472-f2){#f2}

![X-ray fluorescence spectra of MnO~2~ obtained by the sCMOS camera.\
The energy resolution is 220 eV by checking the full-width-at-half-maximum of the Mn Kα peak.](srep45472-f3){#f3}

![Count rates of vanadium fluorescence Kα signals detected by the sCMOS camera.\
The intensity of X-rays is proportional to the tube current. When the time of single exposure becomes shorter and the corresponding frame rate becomes quicker, the count rate capacity becomes larger. When the single exposure time is 50 ms, the function of the count rates to the tube current is linear, indicating that the count rate capacity is sufficient to measure such normal intensity X-rays.](srep45472-f4){#f4}

![Photos and X-ray fluorescence spectra of a ceramic plate obtained by the same sCMOS camera.\
(**a**) is the photo of the ceramic plate's front side and (**b**) is its X-ray fluorescence spectra; (**c**) is the photo of the back side and (**d**) is its spectra. The photos and the X-ray fluorescence spectra are obtained by the same sCMOS camera.](srep45472-f5){#f5}

###### Specifications of the sCMOS camera.
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